Forecasting rice yield before harvest time is important to supporting planners and decision makers to predict the amount of rice that should be imported or exported and to enable governments to put in place strategic contingency plans for the redistribution of food during times of famine. This study used the Normalized Difference Vegetation Index (NDVI) of Landsat Enhanced Thematic Mapper plus (ETM+) images of rice plants to estimate rice yield based on field observation. The result showed that the rice yield could be estimated using the exponential equation of y = 0.3419e 4.1587x , where y and x are rice yield and NDVI, respectively. The R 2 and SE of the estimation were 0.852 and 0.077 ton/ha, respectively. An accuracy assessment of rice yield estimation using Landsat images was performed by comparing the rice yields from the estimation result and the reference data. The results show that the linear relationship with the R 2 and SE of the estimation were 0.9262 and 0.21 ton/ha, respectively. The R 2 is greater than or equal to 0.8, which demonstrates a strong agreement between the remotely sensed estimation and the reference data. Thus, the Landsat ETM+ has good potential for application to rice yield estimation.
Crop yield estimation in many countries is based on conventional techniques of data collection for crop and yield estimation based on ground-based field visits and reports. Such reports are often subjective, costly, time-consuming and prone to large errors due to incomplete ground observation, leading to poor crop yield assessment and crop area estimations (Reynolds et al. 2000) . In most countries, the data become available too late for the appropriate actions to be taken to avert food shortage (Sawasawa 2003 , Nuarsa et al. 2005 .
Satellite remote sensing has been widely applied and is recognised as a powerful and effective tool for identifying agriculture crops (Bouvet et al. 2009 , Pan et al. 2010 , Niel et al. 2003 Nuarsa et al. 2011 ). An important goal of agricultural remote sensing research is to spectrally estimate crop variables related to crop conditions, which can subsequently be entered into crop simulation and yield models (Ahlrichs & Bauer 1983) . To utilise the full potential of remote sensing for the assessment of crop conditions and yield prediction, it is essential to quantify the relationships between the agronomic parameters and spectral properties of the crop (Patel et al. 1985 , Nuarsa & Nishio 2007 . Use of satellite spectral data for the estimation of crop yields is an attractive prospect because yield is related to crop vigour, which is related to the spectral response of the crop vigour, which in turn is related to the spectral response of the crop measured by satellite sensors (Barnett & Thompson, 1982) . There are reports of various studies on the suitability of satellite data for estimating crop yields. The correlation between the spectral reflectance of crops and agronomic variables has encouraged the application of these data in crop yield models (Tucker et al. 1980 , Richardson et al. 1982 .
Some of the research regarding the use of remote sensing in rice yield estimation uses global resolution images, such as those from the National Oceanic and Atmospheric Administration Advanced Very High Resolution Radiometer (NOAA AVHRR), to monitor rice fields (Quarmby et al. 1993 , Rasmussen 1997 , Huang et al. 2002 . However, the use of the global spatial resolution of satellite imaging has been restricted, particularly in small rice areas, because many types of land cover can appear in one pixel, which reduces the accuracy of the assessment (Strahler et al. 2006) . In contrast, the utilisation of fine or medium spatial resolution satellite images, especially in session plants, has been limited because fewer images are available during the 120-day rice growth period (Currey et al. 1987) . Landsat ETM+ has a good temporal, spatial, and spectral resolution for rice monitoring. The revisit time of Landsat ETM+ is 16 days, with a spatial resolution of 30 m. Landsat ETM+ has six bands with the same pixel size, and it has become beneficial in the development of algorithms for rice yield modelling (Christopher 2004) .
The objectives of this study include the following: (1) to determine the best rice age for the relationship between rice growth parameters and rice yield; (2) to develop a model for rice yield estimation based on Landsat spectral images (NDVI); and (3) to assess the accuracy of the rice yield estimation model.
Study Area, Data and Method

Background and study area
The study area was located in Tabanan Regency, Bali Province, Indonesia, at 8°31'50" S latitude and 115°02'30" E longitude (Figure 1 ). The Tabanan Regency was selected as the study area because Tabanan is the central area for rice production in Bali. Within the study area, rice plantings are organised by a Subak, which is a social organisation centred around farming. The Subak manages irrigation water for approximately 150 -300 ha of rice fields (Food Crops Agriculture Department 2006). Moreover, rice fields managed by the Subak are often planted at the same time. Due to the wide rice area, this type of farming system can be easily monitored by remote sensing.
Field observation
The field observation was conducted at eight stations from the middle of January 2011 to the middle of April 2011. The geographic coordinates of the field observations are shown in Table 1 . The parameters measured in the field observation consist of transplanting date, rice variety, inter-row space, inter-plant distance, fertilisers and pesticides used, rice height, level of rice leaf greenness, and rice yield. The rice height and rice leaf greenness were measured using a ruler and the Minolta SPAD-502 leaf chlorophyll meter, respectively. The rice yield sample was performed in area of 2.5 m by 2.5 m in units of kg. The rice production was then converted into units of ton/ha. The measurement of rice height and the level of rice leaf greenness was performed from rice transplanting until harvest.
Collection of secondary data for rice grain sample
In addition to collecting rice yield from our field observation, we also collected rice yield from the secondary data (BPS 2009 , BPS 2010 . These data were used to develop an algorithm for rice yield estimation with satellite images (Landsat images). The following considerations were used to select the rice grain sampling sites: (1) the planted area should be wide and easily identifiable in Landsat images; (2) the planted area should have the same rice variety; (3) the age of the rice plant exhibits the best relationship between rice growth and rice yield according to the field observation survey. A total of 26 rice yield samples were collected in this study in 2008 and 2009 (Table 2) .
Landsat images
Landsat ETM+ acquired in 2008 and 2009 were used in this study. This satellite image can be freely downloaded from the NASA website (http://glovis.usgs.gov). The Landsat in 2009 was used to develop the model for rice yield estimation, and the Landsat in 2008 was utilised to assess the accuracy of the model. The total of the Landsat images used in this study are 8 scenes for both 2008 and 2009 (Table 3) .
Data analysis
There are three steps to the data analysis in this study: analysis of the field observations, digital image processing of Landsat ETM+, and an accuracy assessment of the analysis results.
Data analysis of the field observation
A data analysis of the field observations was performed to determine the relationship between the rice growth parameters and rice yield. The rice height, rice leaf greenness, and their combinations are the main aspects of rice growth evaluated in this study. These parameters can be monitored from the satellite images using a vegetation index. A question arises when the best relationship occurs between rice parameters and rice yield. To address this question, we calculated the relationship between rice height, rice leaf greenness, and rice height times leaf greenness with rice yield at every 7 days of rice age. The highest coefficient of determination (R 2 ) and the lowest standard error of estimation (SE) were judged as the best relationship. The R 2 and SE were calculated using the following equation.
(1) (2) where R 2 , SE, y, y', ӯ', and n are the determination coefficient, standard error of estimation, actual value, predicted value, average predicted value, and number of samples, respectively.
Landsat image processing
The first step of Landsat image processing was radiometric correction. The digital number (DN) of the Landsat ETM+ at different acquisition dates was converted to the corrected digital number (cDN) to eliminate the radiometric and atmospheric effects of the images so that they had comparable values. In this study, we used a simple radiometric correction model introduced by Pons & Solé-Sugrañes (1994) . The variables used for the radiometric correction are shown in Tables 3 and 4 Table 2 ). The Normalized Vegetation Index (NDVI) was then calculated according to the following expression:
The red and infrared bands of the NDVI equation were band-3 and band-4 of Landsat respectively, which were radiometrically corrected. The next step is to determine the relationship between NDVI and rice yield with the equation below:
where y and x are rice yield and NDVI, respectively. To develop the rice yield estimation model, we used the data of rice yield and Landsat images for 2009.
Accuracy assessment
An accuracy assessment was performed to determine the accuracy of the rice yield estimation obtained from the analysis of the Landsat images. The value resulting from the estimated equation (Equation 5) compared with the reference rice yield was obtained from a statistical agency (BPS, 2009) . Both the rice yield from the estimated result and the reference data were plotted on the chart to determine the level of agreement between the estimated result and the reference data. Schematically, the research procedure is shown in following flowchart.
Result and Discussion
Relationship between rice growth parameters and rice yield based on field observations
There were three parameters of rice growth evaluated in this study: rice plant height, leaf greenness, and plant height times leaf greenness. Tables 5-7 show the field measurement of the third rice growth parameters starting from a rice age of 28 days due to the unmeasured leaf greenness in the early rice age. The trend of rice height increased from the transplanting date to the age of 77 days, and it decreased until harvest time. Similar to rice height, the greenness of the rice leaves also increased from 28 days to 56 days after transplanting and decreased until the harvesting period. For rice height times leaf greenness, the peak value mostly occurred at a rice age of 63 days.
Based on the statistical analysis, the rice plants at 63 days after transplanting showed the best relationship between rice growth parameters and rice yield. From the three parameters evaluated in this study, the rice plant height times leaf greenness provided the highest coefficient of determination (R 2 ) and lowest standard error (SE). The R 2 and SE values were 0.9598 and 0.139, respectively, whereas the R 2 and SE for rice height and rice leaf greenness individually were 0.8897 and 0.225 and 0.7171 and 0.364, respectively (Figures 3-5 ).
The height of rice plants indicates the volume of biomass, and rice leaf greenness expresses the chlorophyll content of the rice plant. The multiplication of rice height by leaf greenness illustrates the total chlorophyll content of the biomass of rice. Chlorophyll is the most important component of the rice plant for photosynthetic activity, which produces carbohydrates to form rice plant tissue and the rice grain, and it has a significant effect on the rice yield at harvesting time. Therefore, the chlorophyll content of the biomass has a close relationship with rice yield.
The highest relationship of all rice growth parameters evaluated in this study with rice yield was found at an age of 63 days. This stage of rice growth represents the peak of its vegetation index and the highest chlorophyll content in its life. This period is also a transition stage of vegetation and generation (Nuarsa & Nishio 2007) .
Relationship between vegetation index of Landsat images and rice yield
Based on the field observation results, the best rice age for estimating rice yield from rice growth parameters is two months after transplanting. Therefore, an estimation of rice yield using remote sensing data (Landsat ETM+) was performed at that rice age. Landsat ETM+ and location rice grain samples were selected for a rice age of two months. After radiometric correction to the Landsat ETM+ images, the digital values of the rice field in Landsat image were collected, and vegetation index (NDVI) was calculated using equation 4. From the 14 samples selected in the study (Table 8) , there was an exponential relationship between NDVI and rice yield, with the equation y = 0.3419e 4.1587x and an R 2 = 0.852 (Figure 6 ), where y and x are the rice yield and NDVI, respectively.
The exponential relationship between the NDVI and rice yield indicates that increasing NDVI values at approximately two months will increase the rice yield. Increasing NDVI significantly improves the rice yield at an NDVI value between 0.6 and 0.75. However, above 0.75, any increase in the NDVI value produces only a slight improvement in the rice yield.
The NDVI formula is formed by the red (B3) and near-infrared (B4) bands of Landsat ETM+. The NDVI value is directly proportional to the value of the near-infrared band and is inversely proportional to the value of the red band (Equation 4 ). An increase of the B3 value will decrease the NDVI value, and an increase of the B4 value will increase the NDVI value. Chlorophyll pigments present in the leaves absorb the red band. The near-infrared reflectance of rice is directly related to green biomass (Casanova et al. 1998 ). In the near-infrared portion, the radiation is scattered by the internal spongy mesophyll leaf structure, which leads to higher values in the near infrared (NIR) channels (Baret & Guyot 1991; Harrison & Jupp 1989) . Thus, high NDVI values are indicative of high chlorophyll content. Chlorophyll is the most important component of the rice plant for photosynthetic activity to produce rice plant tissues and the rice grain.
Accuracy assessment of rice yield estimation
To determine the accuracy of the rice yield estimation based on the spectral value of Landsat images (NDVI), an accuracy assessment was performed. The collection procedure of the Landsat images and the rice yield sample was the same as with the development of the rice yield estimation model. The Landsat images used in this method were from 2008. The Landsat spectral values (B3, B4, and NDVI), rice yield from the reference, and rice yield resulting from the estimation equation are shown in Table 9 . Based on the statistical analysis, there was a linear relationship between the referenced rice yields and the estimated rice yield with the equation y = 0.7781x + 1.1441. The R 2 and standard error of the estimation were 0.9262 and 0.21 ton/ha, respectively ( Figure 7 ). The coefficient of determination greater than or equal to 0.8 demonstrates the strong agreement between the remotely sensed estimation and the reference data (Lillesand & Kiefer 2000 , Congalton et al. 1983 ).
Conclusions
The multiplication of rice height by rice leaf greenness at an age of 63 days showed the best relationship with rice yield based on the field observation. The form of this relationship was quadratic, with the equation of y = -8E-07x 2 + 0.0067x -7.1567, and the R 2 and SE of the estimation were 0.9589 and 0.139, respectively. The estimation of rice yield using the vegetation index (NDVI) of Landsat ETM+ images produced an exponential relationship with the equation y = 0.3419e 4.1587x , where y and x are rice yield and NDVI, respectively. The R 2 and SE of the estimation were 0.852 and 0.077, respectively. An accuracy assessment of rice yield estimation using Landsat images was performed by comparing the rice yield resulting from the estimation result and the reference data. The result showed a linear relationship with the equation y = 0.7781x + 1.1441, where y and x were rice yield from the estimate result and reference data, respectively, with the R 2 and SE of the estimation at 0.9262 and 0.21, respectively. The R 2 greater than or equal to 0.8 demonstrates a strong agreement between the remotely sensed estimation and the reference data. Thus, Landsat ETM+ has a good potential for application to rice yield estimation. 
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